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ABSTRACT

We discuss a new surface.plus-window merhaniam for the conversion of nuclear
collective energy into internal degrees of freedom at intermediate excitation energies,
This novel dissipation mechanism, which reeulta from the long mean free path of nu-
cleons inside a nucl,ms, involves interactions of either one or two nucleons with the
moving nucleax mrface and alao, for dumbbell-like ehapee encountered in heavy-ion
reactions and fission, the transfer o“ nucleons through the window separating the two
portions of the system. To illustratti the effect of mrfaceplue-window dissipation on
heavy-ion fusion reactions we preeent dynamicd calculations for values of the diaeipa-
tion strength corresponding to 27%and 100% of the Swiatecki wall-formula value, M
well u for no dissipation. In addition to dynamical thresholds for compound- nucleue
formation in heavy-ion reactions, our new picture deecribea such other phenomena as
experimental mean fission-fragment kinetic energies for the fieeionof nuclei throughout
the periodic system, enhancement in neutron emiseion prior to fission, short rnciasion=
t~ectiaion times in sequential t,ernary fiseion, widths of maaa and charge diatributicms
in deep-inelastic heavy-ion reactions, ●nd widths of isoscalar giant quadruple and
giant octupole reeonancea.

1. INTRODUCTION

Nuclear physicists have been trying for years to determine the mechanism and magni-
tude of nuchar dimipstion in large-amplitude co!bctive motion such M occurs in heavy-ion
reactions aad tiimi, Up ,mtil about 1$74 it was generally believed that the mechanism
of nuclear dissipation u tw~body collisions, like that responsible for ordinary viscosity in
fluids, and that the magnitude is .u!?lciently email that nuclei are mobile, like mercury, 11
But then, through the work of Gross, Swiatecki, and others, it waa realized that the long
mean free path of nucleona in~ide a nucleus, ariniug from the Pauli exclusion principle for
fermione, alters both the mechanigm and mmgnitude,ala! However, the ouboequent approx-
imation made in incorporating this single phywical principle have led to radically different
pictures,

By aaaurning that the velocity dirntribution of nucleori~ striking a moving container
wall i. completely random, swiat~ki and hia colleague derived a simple wall formula



for describing such one-body dissipation, in terms of which nuclei are predicted to be
superviscid. 3-81 In contrast, by constraining the many-body wave function to at all times
be a Slater determinant of single-particle wave functions, Bonche, Davies, Koonin, Negele,
and others treated the dynamics by use of the time-dependent Hartre&Fock approxima-
tion, in terms of which nuclei dissipate much less energy. g-1~1 Attempts to experimentally
discriminate between such possibilities have thus far proved elusive because of the difficulty
of distinguishing dissipative effects from analogous effects caused by collective degrees of
freedom.

2. SURFACE-PLUS-WINDOW DISSIPATION

We present here a new macroscopic approach to this problem, valid for intermediate
excitation energies above which pairing has disappeared and below which the nucleon
mean free path exceeds the nuclear diameter. For such excitation energies, the dissipation
proceeds primarily in the surface region from two distinct mechanisms. The first mecha-
nism is on-body dissipation, but with a magnitude that is substantially reduced relative
to that of the wall formula. In calculations breed on the random-phaee approximation for
spherical nuclei, Griffin, Dworzecka, and Yannouleas have shown that the effect of replac-
ing three idealizations of the wall formula by more realistic features appropriate to real
nuclei is to reduce the onc+body dissipation coefficient to roughly 10% ~f the wall-formula
value. 121131Alternatively, the reduction could arise because the nucleons retain some mem-
ory of their previous collisions with the wall, which invalidate the assumption of a random
velocity distribution that waa used to derive the wall formula. The aemnd mechanism is
two-body collisions in the surface region. The Pauli exclusion principle, which suppreeeeo
two-body collisions in the nuclear interior, disappears aa one pwea through the nuclear
surface to the exterior. l’] ln addition, the free nucleon-nucleon croee section itself increases
aa one passes through the surface to the exterior because of its incrmae with decreasing
kinetic energy. Since the density decreaees to zero outside the nucleus, the probability for
two-body collisions peaks in the nuclear surface,

We ~sume that the surface dissipation is local and calculate it from the leading term
in an expansion of the time rate of change of the collective 13amiltonian If in powers of
the surface diffuseneaa divided by the nuclear radius.sl We write thiq leading term ae

dH

()z /
= -k,po (h - D)adS ,

SUI+U9
(1)

where h in the velocity of ● surface element dS, D is the normal drift velocity of nuclecm
about to strike the surface element dS, o is the average speed of the nucleona inside the
nucleus, p ia tho nuclear maw density, and k, is a dimeneionleee par~eter that specifies
the total strength of the interaction of either one or two nucleons with the moving nuclear
surface. A value of ~ = 1 would correspond to the wall formula, but eeveral types of
experimental data indicate that for real nuclei its value is much Ieea than unity. ‘I’he value
of k, could depend upon both the excitation energy and type of collective moticm involved,

For dumbbell-like shapes, the transfer of nucleons thnwgh the window separating the
two portiono of the syatcm lu~a to an additional diaaipation that ia analogoua to the
clamical window formula of Swiatecki,s-al Our result is

dH

()T
= +70arv’(q,i) ,

window
(2)
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where a is the area of the window, + is the relative velocity of the ceaters of mass of the
two portions of the system, and ~(q, 4) describes the effect of a nonuniform velocity ss a
function of position in the deforming fragments. There is no need to renormalize this part
of the dissipation because nucleons that have passed thro~gh a small window have a low
probability of returning through it while still retaining memory of their previous passage.

The combination of these two mechanisms leads to surface-plus-window dissipation.
In calculating the total dissipation rate dH/dt, we describe the transition from the pure
surface dissipation that applies to mononuclear shapes, where the drift D is zero in Eq.
(l), to the surface-plus-window dissipation that applies to dinuclear shapes, where the
drift D is nonzero in Eq, (1), by use of a smooth interpolation analogous to that used in
Ref. 15.

3. MACROSCOPIC-MCROSCOPIC METHOD

To desc:ibe the axially symmetric nuclear shapes that are considered, we use the
cylindrical Legendre-polynomial expansion of Trentalange et of,,161with five independent
symmetric and five independent asymmetric shape coordinates. In addition, we include an
angular coordinate to describe the rotation of the nuclear symmetry =is in the reaction
plane, which leads to a total of 11 collective coordinates q.

We consider excitation energies that are sufficiently high that single-particle effects may
be neglected and calculate the potential energy of deformation V(q) MIthe sum of repulsive
Coulomb snd centrifugal energies and an attractive Yukawa-plus-exponential potentia!,l’1
with constants determined in a recent nuclear m- formula. 181This generalized surface
energy takes into account the reduction in energy arising from the nonzero range of the
nuclear force in such a way that saturation is ensured when two semi-infinite slabs are
brought into contact.

The collective kinetic energy is a quadratic function of the collective velocities ~, with
coefficients that are related to the elements of the shape-dependent inertia tensor A4(q).
At the high excitation energies and large deformations considered here, where pairing
correlations have disappeared and near crossings of single-particle levels have become less
frequent, the rotational moment of inertia is close to tke rigid-body value and the vibra-
tional inertia is close to the incompressible, irrotational value.l”l We therefore calculate
the inertia tensor M(q), which is a function of the shape of the system, for a superposition
of rigid=body rotation and incompressible, nearly irrotational flow, For this purpose we
use the Werner-Wheeler method, which determines the flow in terms of circular layers of
fiuid,201

The coupling between the collective and internal degreeo of freedom gives rise to dis-
sipative forcas, whooe mean values are calculated for our new surfaceplu~window model
that wm deecribad in SOC,2, The residual fluctuating forces are treated under the Marko-
vian assumption thst they do not depend upon the system’s previous history. At high
excitation energies, where cl~ical statistical mechanics is valid, this leads to a general-
ized Fokker-Planck equation for the dependence upon time t of the distribution function

/(q, p, t) in ph~ space of collective coordinates and momenta.181 b most of our studies
here we use equations for the time rate of change of the first moments of the distribu-
tion function, with the neglect of higher moments, These ara the gefieralized Hamilton
equations,lcl which we solve numerically for each of the 11 generalized coordinates and
momenta,
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Fig. 1. Effect of dissipation on the additional bombarding energy AE rquired to form a
compound nucleus,

4, HEAVY-ION REACTIONS

A neceesary condition for forming a compound nucleus in a heavy-ion reaction is that
the dynamical trajectory for the fusing system paae inside the fiaaion saddle point in a mul-
tidimensional space, The dynamical trajectorim and hence the croea eectionr for forming
a compound nucleus depend strongly upon the location of the fisnion saddle point relative
to the contact point. For light nuclear systeme the iioeicm saddle point Iiee outside the
contact point, so that all of the angular-momentum otatee that croee the one-dimensional
interaction barrier automatically paea inside the saddle point, However, for heavy nuclear
systems and/or large impact parameter, the fheion saddle point Iiea inside the contact
point, and the center-of-moae bombarding energy must exceed the maximum in the one=
ciimensional zero-angular-momentum interaction burier by an amount AE in order to
form a compound nucleus,

This additional bombarding energy AE hoe been calculated over the pe@ 14 years by
use of varioua approximation and for eeveral diacipation m~hmism,6-0’L5’2 1-201 Here we
concentrate on rmults that we have obtained r~ently by eolving the gcaeralized Hamilton
equatiom numerically for our n~w mmfacepiwwindow mechaniam, with illustrative values
of k. = 0,27 aad 1,0. The former value, which wae initially determined from an adjustment
to expottital iamcakr giant quadruple and giant octupole widths,zsl Iiee within the
limits 0,2 g & ~ 0,S determined from ● con,parison of calculated and experimental mean
fieeion=fragrnent kinetic enorgiee, ’61 whar~an tho latter valw corrqonde to the Swiatecki
wall formu]a, s-tl To pr~vida reference points, we in all came perform similar calculations
for no dieeipation, Tho raulte pr~nted h.ra u. all calculated for syateme in which the
targst ●nd projectile each lie along Greento spproximstioa to the valley of /9 stability,a’l

The dependence of tho additiond energy All upon the cise of the compound nucleus
that is formed in symmetric collisions is shown in
below the thrmhold value (Z2/A)thr = 38,9 and
Zi/A, With dissipation, AS is slightly poeitive

Fig. 1, For no dieeipation, AE i. zero
than increasa slowly with increasing

for all valuee of Zz/A bemuee of the
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Fig.2. Comparison ofcdculated andexperimental values of thedditional bombuding
energy AE required to form a compound nucleus.

energy dissipated during the approach of the target and projectile prior to their reaching
the maximum in the on-dimensional zero-angular-momentum barrier. For surface-plue-
window dissipation with k. = 0.27, the threehold value in lowered to (Z2/A)th, = 38.2,
above which AE increaeee rapidly with increasing Z2/A. Finally, for ~ = 1.0, the thresh-
old value is lowered even further to (ZX/A)thr = 37.9, above which AE increaeee very
rapidiy with incre~ing Z’/A.

The large differences between the three curvee in Fig. 1 offer the tantalizing poeeibil-
ity of determining the mmhaniam and magnitude of nuclear dieeipation from comparisons
with experimental data. However, becauee most of the nystema that are studied experi-
mentally are asymmetric, it is neceemry to either perform calculations for many individual
mymmetric systerna or to scale the reaulta for aeyrnmetric syaterna into those calculated

for symmetric systems. For this purpoee we w the xeighted average (Za/A)W~ de~nede’aal
by the abecissa in Fig, 2, where

(3)

With this choico of ecaling abeciasa, we compare in Fig. 2 our reeultc Aculated for
syrnnmtric 90tarM with oxporimental va!uee of A E derived from me>” urernent. of evapo-
ration raid&e for vuious ~ymmetric cystemsi’1 Unlike in the comparisons made in Ibf,
8, where tho oxpwimontal valua of AE wore me~ured relativo to barrier heights calcu=
Iated by w of tho B- potmtial, “1 in Fig. 2 the experimental and calculated valuee of

A E are both measured relative to burier heights calculated by uee of the Yukawa-plu*
exponential potential,l’l with constata determined from ● recent nucleu mue formula, 181

For (Z*/A)_~ <36, the experimental valuee of AE lie syatamatically below all three calcu-
lated curvm by an ●verage of ●bout 3 MeV, Thie discrepancy could repreeent an e&ective

lowering of tha ●xperimental burim by nor-point vibration of the ●pproaching target and

project~o, or alternatively couid repreeent ● ●li~ht deficiency in the valucn of the constante
th~t ~e ueed for tho Yukaw~plwexponontial potantialt



At (Z2/A)Wt x 37 the experimental values of AE show a rapid rise, aa anticipated.
However, on a finer scale the trend of the experimental results with (Z2/A)Wt does not
follow that predicted by any of the curves. The decrease of AE for the four solid circles
above the curvee as (Z2/A)wt increases between 36 and 38 is probably aaaociated partly
with a change in ground-state shape or stiffness of the “g2’g4’WZr targets involved. In
contrast, the relatively small value of AE for the solid circle at (Z2/A)Wt = 39.4 proba-
bly arises partly from a valley in the potential-energy surface that leads inward from the
tangent-sphere configuration for nearly magic target and projectile. While further exper-
imental data that differentiate between shell effects and smooth trends are clearly needed
before a definitive conclusion can be drawn from such comparisons, it is apparent that
our new surface-plus-window dissipation with k, = 0.27 adequately describes the overall
features of experimental dynamical thresholds for compound-nucleus formation.

5. OTHER PHENOMENA

The dynamical evolution of a fissioning nucleus alao depends strongly on the value of
the surface dissipation coefficient k. appearing in Eq. (1). As k, increaaea, the motion
is slowed down and collective energy is converted into internal degreea of freedom,, which
reduces the mean translational kinetic energy of the fieeion fragments at infinity. However,
this reduction in partially offset by more compact scieeion shapee for surface-plus-window
dissipation compared to no dissipation, which increasee the poet-eciasion kinetic energy
acquired through the Coulomb repulsion of the fragments. Experimental mean kinetic
energiee for the fission of nuclei throughout the periodic system at high excitation energy,
where single-particle effects have decreased in importance, are satisfactorily reproduced
for values of kc within the range 0.2< k, <0,5,

Surfac+plus-window dissipation with a relatively small coefficient is also able to de
scribe the enhancement+ in neutron erniaeion prior to fieaion that hae been observed recently
in several heavy-ion-induced reactions, For 160 + 142Nd ~ 1s8Er at a laboratory bom-
barding energy of 207 MeV, there are experimentally 2,7 + 0,4 neutrons emitted prior
to fission, compared to 1.6 neutrons calculated with a standard statistical model.291 An
interpretation of this enhancement in terms of neutron emiaaion during the transient time
required to build up the quaai-stationary probability flow over the barrier and the mean
time required for the system to descend from the saddle point to ecieaion yields an upper
limit for the reduced nuclear dissipation coeficient~d that is consistent with the upper
limit determined for surface-plue-window diaeipation from mean fiazion-fragment kinetic
energie9.2el

The short ocioeion-to-acieaion timee observed experimentally in sequential ternary fis-
sion alao ~uire ● relatively small dissipation coefficient, For lagXe + ‘a2Sn at a laboratory
bombarding energy per nucleon of 12,5 MeV, where ternary events wera observed approx-
imately 10% of the time when the energy Ioaa was high, Gliiaael et af,so! deduced that
the time between succeazive scisaion events is approximately 1 x 10-21 s, This result ha~
been analyzed by Plaail,sll on the bazis of calculated mean saddlet~sciuaion times, to
yield an upper limit to the dissipation strength that is also con~ietent with the upper limit
determined for surface-plu~window diasipation,261

The widths of m- and charge distributions in deepinelaatic heavy-ion reactionss21
are alao adequately deecribed for small energy loam by surface-plu~window diaeipation,
We have performed no additional calculations in this area, but previous analysee have
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confirmed the correctness of the window formula. 321 This contribution is carried over

essentially unchanged to our new picture, and the calculated widths are insensitive to the
stre;, gth of the remaining dissipation.

As mentioned in Sec. 2, the value of k, could depend upon both the excitation energy
and type of collective motion involved. To see whether this is indeed the case, we have used
our new dissipa~ion picture to calculate the isoscalar giant-resonance width aa a function of
mass number A and multipole degree n, approximating such resonances by small-amplitude
collective oscillations in which the neutrons and protons undergo in-phase, incompressible,
irrotational flow with unit effective mass. 251261This type of flow pattern is expected to arise
when the nucleons remain in orbitals characterized by their original nodal structure. For a
value of k~ ==0,27, our new dissipation picture satisfactorily reproduces the average trends
of the experimental widths of isoscalar giant quadruple and giant octupole resonances as
a function of mass number.2s’2sl

& SUMMARY AND CONCLUSION

Building on the best features of previous work, we have developed a new picture of
nuclear dissipation that provides a unified macroscopic description of several diverse phe-
nomena. These include dynamical thresholds for compound-nucleus formation in heavy-ion
reactions, mean fission-fragment kinetic energies, enhancement in neutro’a emission prior
to fission, short scission-to-scission times in sequential ternary fission, widths of mass and
charge distributions in deep-inelaatic heavy-ion reactions, and widths of isoscalar giant
quadruple and giant octupole resonances. We hope that our new picture will be sub-
jected to countless experimental tests during the coming years.

This work w~ supported by the U, S. Department of Energy.
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